Consumption of alcoholic beverages with sustained-release oral dosage forms may pose a risk to patients due to potential alcohol-induced dose dumping (ADD). Regulatory guidances recommend in vitro dissolution testing to identify the risk of ADD, but the question remains whether currently proposed test conditions can be considered biopredictive. The purpose of this study was to evaluate different dissolution setups to assess ADD, and the potential of combined in vitro-in silico approach to predict drug absorption after concomitant alcohol intake for hydrophilic and lipophilic sustained-release tablets containing ibuprofen or diclofenac sodium. According to the obtained results, the impact of ethanol was predominantly governed by the influence on matrix integrity, with the increase in drug solubility being less significant. Hydrophilic matrix tablets were less susceptible to ADD than lipophilic matrices, although the conclusion on formulation ethanol-vulnerability depended on the employed experimental conditions. In silico predictions indicated that the observed changes in drug dissolution would not result in plasma concentrations beyond therapeutic window, but sustained-release characteristics of the formulations might be lost.
Introduction
Alcohol-induced dose dumping (ADD) is a potentially dangerous phenomenon that signifies abrupt drug release following concomitant intake of alcoholic beverages and modified (MR), particularly extended (ER) or sustained release (SR) oral dosage forms.
As a consequence, systemic drug exposure and therapeutic effect can be significantly altered, thus posing a serious risk to patients.
A c c e p t e d M a n u s c r i p t
The likelihood of ADD for MR products have mostly been overlooked in the past. However, a breakthrough happened in 2005 when the FDA issued the alert on alcohol-Palladone TM (hydromorphone hydrochloride extended-release capsules; Purdue Pharma, US) interaction (FDA 2005) . This product was withdrawn from the US market after a pharmacokinetic study revealed alarming results that co-ingestion of Palladone TM and alcohol led to significantly higher, and potentially lethal peak plasma concentrations of the drug (i.e. six times greater average peak drug concentration following co-ingestion of 12 mg Palladone capsule with 240 ml of 40% alcoholic beverage compared to co-ingestion with water). This case pioneered new perspectives on the influence of concomitant alcohol intake on drug release mechanism, and initiated new guidances which put the ADD risk assessment in the focus of formulation development for MR dosage forms. The objective of such an approach has been to promote the design of rugged, alcohol-resistant MR formulations in order to minimize the risk of ADD, even when appropriate warnings are included in a product labelling.
Namely, survey data indicate that alcohol consumption in these cases is still very likely, especially with patients who suffer from chronic pain, and tend to consume alcohol to cope with their conditions (Brennan et al. 2005) . Moreover, accidental ADD may happen to any patient, because consumption of alcohol beverages is a common habit in most cultures. According to the WHO database, 38.3% of the world population (15+ years) regularly consumes alcohol, with the highest consumption levels in European region and America (WHO 2014) .
It has been recognized that increased solubility of drugs or excipients in the presence of ethanol, and/or formulation factors such as inhibition of polymer swelling or matrix dissolution, in conjunction with changes in physiological conditions after alcohol intake (e.g. delayed gastric emptying) are the key factors affecting the kinetics A c c e p t e d M a n u s c r i p t of drug release from MR oral dosage forms (Lennernäs 2009; Jedinger et al. 2014 ).
However, sensitivity of drug and/or excipients to ethanol does not necessarily mean that a formulation would lose its modified release properties. Drug-excipients-dosage form interactions are rather complex, so the degree of alcohol-sensitivity should be accessed on the case-by-case basis. In addition, the risk in case of ADD should be considered alongside therapeutic indication and drug therapeutic index.
Regulatory guidances provide general recommendations regarding the assessment of ADD, and state that suitable in vitro dissolution tests in the presence of ethanol should be carried out to identify the risk of ADD, and differentiate between rugged and vulnerable formulations (Meyer & Hussain 2005; Anand et al. 2011; FDA 2011; EMA 2014; FDA 2014b; EMA 2016; FDA 2016b) . In addition, the International Pharmaceutical Excipients Council Europe (IPEC) working group on ADD has summarized relevant scientific and regulatory information (Friebe 2015; Friebe et al. 2015) to help pharmaceutical companies to better handle ADD issues. The main problem for the formulators is that the recommendations regarding ADD assessment in EU and US guidances are not fully harmonised. For example, EMA mandates ADD testing for all oral MR dosage forms, while FDA has confined this requirement solely for drugs with a narrow therapeutic index (FDA 2008; FDA 2010; FDA 2014a; FDA 2014c; FDA 2014d) . Furthermore, there are differences in the recommended dissolution methodology. According to EMA, dissolution medium should be the same as that proposed for routine testing, with 5%, 10% and 20% (v/v) ethanol added, and testing time is not defined. FDA requirements are somewhat more specific, indicating 2 h testing in 900 ml of 0.1 M HCl with up to 40% (v/v) ethanol, with 15 min sampling interval. These test conditions are selected to emulate the 'worst case' scenario when a dosage form is exposed to a strong alcohol beverage during a sufficient lag-time in A c c e p t e d M a n u s c r i p t gastric emptying (Lennernäs 2009 ). However, recently added FDA Draft Guidance on dexlansoprazole delayed release orally disintegrating tablets states two-stages dissolution testing to assess the risk of ADD: 2 h in 500 ml 0.1N HCl without/with 5, 20
and 40% (v/v) alcohol (basket apparatus,100 rpm), followed by testing in 900 ml 50 mmol/l phosphate buffer (pH 7.2) containing 5 mM sodium lauryl sulfate (SLS), and the same level of ethanol as the acid stage (FDA 2016a). Several research groups also employed in vitro dissolution setups based on 'media change' principle (hydro-alcoholic solutions followed by the relevant non-alcoholic medium) to assess ethanol effect on drug release profile (Levina et al. 2007; Fadda et al. 2008) . Still, the overall conclusion of Fadda et al. (2008) was that the extent of ethanol-induced impairment of drug release controlling mechanism is not possible to predict.
There are some opinions that in vitro ADD risk assessment should be carried out under 'more mild' dissolution test conditions (i.e. medium with less than 40% (v/v) ethanol, less than 2 h testing in acidic medium) (Friebe 2015) . This standpoint is supported by arguments that ethanol is diluted in gastric medium due to gastric secretion and intake of food and liquids, and also ethanol is quickly cleared from the stomach (Levitt et al. 1997; Lennernäs 2009 (Henderson et al. 2007 ). However, drug product in vivo performance was not affected in the presence of alcohol, most likely because stomach residence time and drug exposure to ethanol for multiparticulate dosage form are relatively short.
A c c e p t e d M a n u s c r i p t
A possible way to determine relevance of in vitro dissolution test results to the corresponding pharmacokinetic outcome, while bypassing clinical studies, is through the employment of in silico physiologically-based pharmacokinetic (PBPK) modeling.
These sophisticated computational tools have received widespread attention over the past few years, and their potential to forecast clinical implications of ADD have also been recognized (Jiang et al. 2011) . However, to the best of our knowledge, only one published study addressed the use of PBPK modeling to aid the development of alcoholresistant ER multi-particulate dosage form (Schrank et al. 2016 ).
The objectives of this study were: (i) to investigate biorelevance of different in vitro dissolution setups to assess ADD, and (ii) to evaluate the applicability of the conjoint in vitro-in silico approach in ADD-induced clinical risk assessment, using hydrophilic and lipophilic matrix tablets containing ibuprofen (IBU) and diclofenac sodium (DS) as model formulations. The selected model drugs are lipophilic compounds with poor aqueous solubility, therefore susceptible to increase in solubility, and possibly bioavailability (BA), in the presence of ethanol.
Material and methods

Material and dosage forms
Ibuprofen and diclofenac sodium were kindly donated by Galenika a. since this method has been referenced in literature for quantification of IBU and DS (Saei et al. 2008; Mourao et al. 2010; Rivera Leyva et al. 2012; Gonzales Vidal & Gil Alegre 2013; USP 2016a; USP 2016b) . Absorbance values were recorded at the wavelength of the relative maximum absorption for each drug (220-224 nm for ibuprofen, and 275-280 nm for diclofenac sodium, depending on the tested medium), and drugs concentrations were calculated from the relevant calibration curves.
Dissolution study
Drugs dissolution from the investigated SR tablets was tested under different experimental conditions:
A c c e p t e d M a n u s c r i p t The first experimental setup (setup A) was based on the EMA recommendation on ADD assessment to use compendial dissolution medium proposed for routine testing (EMA 2016 ). However, due to the lack of regulatory recommendations for dissolution testing of IBU SR tablets, the selected medium -phosphate buffer pH 7.2 conformed to the USP recommendation for IBU IR tablets. Ethanol content was set to 40% (v/v) to simulate the scenario when a dosage form is exposed to a strong alcohol beverage (Lennernäs 2009) .
The second set of conditions (setup B) followed the FDA requirements (Anand et al. 2011) , with an adjustment that included media change after 2 h of testing in acidic milieu.
Setup C was based on the previously demonstrated 'bioperformance' in vitro test for IBU SR tablets under normal fasting (sans alcohol) conditions (Beloica et al. 2015) .
To investigate the influence of ethanol on drug release profiles, hypothetical scenarios that simulate the presence of ethanol solely in the stomach fluid or subsequent ethanol emptying to the small intestine (represented with dosage form transfer to bFaSSIF with half of the concentration of ethanol in acid) were assumed. In general, media change experimental setups were designed to simulate changes in physiological conditions as the drug travels along the gastrointestinal (GI) tract, and to approximate conditions in the stomach and proximal intestine, since ethanol is mostly absorbed through the gastric (10-20%) and small intestine (80-90%) mucosa (Levitt et al. 1997) .
All experiments were run in triplicate, at 37 ± 0.5 ºC. After each sampling time, aliquots withdrawn for analysis were replaced by the equal volume of fresh medium.
Withdrawn samples were filtered, and after appropriate dilution, assayed for drug concentration UV-spectrophotometrically at the wavelength of the relative maximum absorbance.
The obtained dissolution profiles were compared using similarity factor (f 2 ), where an f 2 value higher than 50 indicated that two dissolution profiles were statistically similar (FDA 2015) .
In silico absorption modeling
Simcyp ® Population-Based Simulator (v. 14.1; Certara™, USA) was used to simulate oral absorption of the model drugs, and estimate the influence of dissolution rate on drug bioavailability. Simulations were performed using the Advanced dissolution,
A c c e p t e d M a n u s c r i p t absorption and metabolism (ADAM) model, that includes nine anatomically defined GI compartments (stomach, seven segments of the small intestine and colon), and describes drug absorption from each compartment as a function of release from a dosage form, dissolution, precipitation, luminal degradation, permeability, metabolism, transport, and transit through successive compartments. A detailed description of the model is described elsewhere (Jamei et al. 2009; Kostewicz et al. 2014) . ADAM model was linked with full physiologically-based pharmacokinetic (PBPK) perfusion-limited model used to simulate drug distribution through different body tissues. The selected PBPK model provides a detailed description of 15 body compartments, including arterial and venous blood compartments, and uses a set of differential equations to describe physiological mechanisms that drive drug distribution in vivo (Jamei et al. 2014) . The model comprises two sets of input parameters, namely system-related physiological parameters, and drug and formulation specific inputs (along with dosing regimen data). Physiological parameters were left at model default values for population representative subject of the Sim-Healthy Volunteers population in the fasted state. In cases when in vitro testing in acidic medium was performed for 2 h, the simulated gastric emptying time was adjusted accordingly.
The required parameters related to the investigated drugs/dosage forms biopharmaceutical properties were taken from literature and/or in silico estimated, except for dissolution data, which were experimentally determined. Summary of drug specific inputs is given in Table 2 . In vitro obtained dissolution profiles were used as an input function in ADAM to estimate the expected drug product in vivo performance.
The tabulated in vitro dissolution data were entered under the 'IR dosage form' option, which better describes dissolution rate of poorly soluble drugs than Simcyp ® 'Controlled/Modified Release' entry (Beloica et al. 2015) .
A c c e p t e d M a n u s c r i p t The predictive power of the generated models was assessed by comparing the simulation results with the published data from bioavailabilty studies for IBU (Pargal et al. 1996) and DS (Rao et al. 2001 ) SR tablets. The relevant percent prediction error (% PE) for the pharmacokinetic parameters C max , t max and AUC 0-t were calculated using the following equation:
(1)
Results
Solubility determination
According to the Biopharmaceutics Classification System (BCS) criteria, both ibuprofen and diclofenac sodium belong to BCS class 2 drugs (Potthast et al. 2005; Chuasuwan et al. 2009 ), meaning they are characterized by high intestinal permeability and low or absorption-limiting solubility. In addition, weakly acidic nature of the tested drugs (pKa 4.5 and 4.2 for IBU and DS, respectively) indicate they are expected to exhibit pH-dependent solubility in the GI pH range. Experimentally obtained solubility values for the two drugs in different aqueous and hydro-ethanolic media are provided in Table 3 .
The observed increase in IBU solubility with the increase of media pH was in line with the values reported in literature (Potthast et al. 2005) . Solubility of DS also increased with the increase of media pH; however, experimental values were higher than those reported previously (Chuasuwan et al. 2009 ). This deviation might be explained by the differences in the experimental conditions, i.e. these experiments were
A c c e p t e d M a n u s c r i p t performed at 37 ºC, while the published data relates to studies conducted at room temperature.
The addition of ethanol showed marked effect on the model drugs solubility, although it was dependent on the employed media composition. The highest increase in solubility in the presence of ethanol was observed for both drugs in acidic media pH 1.1 and bFaSSGF pH 1.6 (Table 3 ). This is an important observation regarding that orally ingested alcohol mainly exhibit its solubilization effect in acidic stomach environment.
According to the calculated dose-solubility (D/S) ratio (Table 3) , under normal fasting conditions (without ethanol) in the stomach, model drugs are expected to show solubility-limited dissolution from the investigated 800 mg IBU and 100 mg DS tablets (D/S > 250 ml). This assumption is based on 240-250 ml available gastric liquid upon the ingestion of a glass of water (240 ml) on an empty stomach (Mudie et al. 2014 ). But, due to increased drug solubility in the presence of 40% ethanol, concomitant intake of strong alcoholic beverages, especially in large volumes, might induce dose dumping from both IBU and DS SR tablets even at low pH in the stomach.
[t]Table 3 near here [/t] Another annotation in this study concerns the observed drug-specific response to ethanol effect on drug solubility depending on buffer composition. According to the theory of Higuchi et al. (1953) , diverse effect of buffer components, namely buffer ionic strength on IBU and DS solubilities in hydro-ethanolic media can be explained by differences in the polarity of the investigated drugs (i.e. DS is more polar than IBU and thus exhibit increased solubility with the increase of ionic strength of hydro-ethanolic media). Higher extent of ethanol-induced solubility increase at lower pH values also coincides with the finding of Higuchi et al. (1953) . IBU2 lipophilic matrix tablets demonstrated abrupt drug release, which was further enhanced in the presence of ethanol. Visual inspection revealed that the main mechanism of drug release from IBU2 tablets is matrix erosion; therefore, it can be assumed that the accelerated drug dissolution at least partially resulted from increased solubility of ibuprofen in ethanolic solutions. Following the regulatory decision pathway for ADD risk assessment (EMA 2014; EMA 2016) , the results obtained in medium pH 7.2 indicate that IBU2 is an ethanol-vulnerable formulation, in contrast to IBU1. But, biorelevance of these data need to be taken with caution. Namely, different drug release profiles in the buffer medium without ethanol (f 2 = 18.45) for the two products with proven bioequivalence (BE) in vivo (under fasting conditions without alcohol intake) clearly indicate that the employed dissolution method is over discriminatory. Therefore, dissolution results obtained in the presence of ethanol under the setup A might also be regarded as over discriminatory.
According to the results obtained under the setup B (Figure 1b) , IBU dissolution during the first 2 hours was increased in hydro-ethanolic medium, with the effect being more evident in the case of IBU2 product. Subsequent change (increase) in media pH resulted in the increased drug dissolution from IBU2 formulation, while drug release A c c e p t e d M a n u s c r i p t from IBU1 was less affected. Xanthan gum, a component of IBU1, is practically insoluble in ethanol (Rowe et al. 2009 ); thus hydro-ethanolic medium is expected to have no or even some negative effect on the polymer swelling, and drug release rate from IBU1 (demonstrated by almost parallel drug release profiles between 2 and 8 h time points, Figure 1b) . Initial increase in drug release from IBU1 in acidic medium with the addition of ethanol could be ascribed to the notably enhanced drug solubility in this medium (Table 3 IBU dissolution was also tested in a reciprocating cylinder apparatus (setup C).
As illustrated in Figure 1c , the two IBU products exhibited superimposed dissolution profiles under the media change setup without ethanol (f 2 = 83.34). The influence of ethanol on drug release profiles is depicted in the profiles obtained under the conditions described as scenarios C2 and C1. The obtained profiles (Figure 1c) , and the calculated similarity factors (f 2 = 71.61 and f 2 = 72.76 for IBU1 in scenarios C2 and C1, respectively) indicate that IBU1 is an ADD-insensitive formulation. On the other hand, drug release from IBU2 tablets was significantly increased in hydro-ethanolic media (f 2 A c c e p t e d M a n u s c r i p t = 30.83 and f 2 = 19.90 for IBU2 in scenarios C2 and C1, respectively), specially under the scenario C1 conditions when ethanol was also present in the simulated small intestine medium (Figure 1c) . In other words, the results suggest that IBU2 might exhibit ADD in vivo.
Diclofenac sodium
Dissolution testing of DS1 and DS2 SR tablets followed the experimental plan applied for IBU tablets, and the results are presented in Figure 2 . Under the conditions proposed by the USP (phosphate buffer pH 7.5 in paddle apparatus, setup A) the two products exhibited similar dissolution profiles (f 2 = 70.61), showing gradual release of the drug (Figure 2a ). The addition of 40% ethanol had no effect on drug dissolution from DS1 (f 2 = 72.53); however it did affect drug release from DS2 tablets (f 2 = 18.22). Abrupt drug release observed in the case of DS2 could in part be explained by increased solubility of cetyl alcohol, a component of tablet core, in hydro-ethanolic medium (Rowe et al. 2009 ), and high solubility of the released diclofenac at higher pH values. On the other hand, hypromellose-based DS1 retained the ability to control drug release in the presence of high ethanol concentration.
The employment of media change method in basket apparatus (setup B) gave different outcome, as illustrated on Figure 2b . Besides that there were no significant differences in dissolution behaviour between the two products (f 2 = 72.24 in a setup without ethanol), the presence of ethanol in acidic medium showed no effect on drug release rate (similar dissolution profiles, data not shown). The obtained results reflect controlled drug release from both matrices under the selected conditions, with staircaseshaped profiles that followed the increase in DS solubility with increase in media pH. It is interesting to note that under the employed test conditions both formulations showed ethanol-resistance in acidic medium (less than 10% of drug dissolved in 2 h).
A c c e p t e d M a n u s c r i p t
The third set of data (Figure 2c) illustrates the results obtained under the conditions that correspond to the setup C. Drug dissolution in the acidic medium without ethanol was negligible, but subsequent increase in media pH shaped different drug release from DS1 and DS2 tablets. In the case of DS1 drug dissolution was gradual, whereas DS2 demonstrated more abrupt drug release (complete dissolution in less than 3 h). It should be noted that in the absence of in vivo BE data for DS1 and DS2 tablets, there is not enough information to conclude whether the designed setup C provides biorelevant and discriminatory test conditions for the investigated DS tablets.
However, published data on drug plasma concentration profile following oral administration of DS2 tablets (Popović et al. 2009 ) signify considerably higher C max (3.86 µg/ml) and AUC (11.60 µg h/ml) in comparison to majority of data obtained in other BA/BE studies for 100 mg SR DS tablets (average C max 1.04 µg/ml and AUC 3.60 µg h/ml for the data reported in (Davies & Anderson 1997) ), supporting the assumption that DS2 might indeed exert relatively fast dissolution in vivo. Exposure of the two DS products to hydro-ethanolic media that emulate the 'worst case' scenario (correspond to scenario C1 in the case of IBU tablets) had opposite effects on drug release rates. The obtained profile for DS1 suggests that addition of ethanol did not affect the integrity of hypromellose-based matrix, and initially decreased drug dissolution presumably resulted from prolonged (2 h) exposure of acidic drug to low pH medium. In contrast, DS2 exhibited rather fast matrix disruption in the presence of ethanol (visually observed tablet disintegration), which resulted in burst drug release.
Drug-specific PBPK models
In silico simulation of IBU absorption following administration of 800 mg SR tablets was performed using previously developed and validated IBU-specific PBPK model (Beloica et al. 2015) . The generated drug plasma concentration-time profiles, based on A c c e p t e d M a n u s c r i p t dissolution data obtained in the setup C without ethanol, are presented in Figure 3 , together with the mean plasma profile observed in vivo (Pargal et al. 1996) . Predicted and in vivo observed pharmacokinetic parameters are given in Table 4 . The calculated PEs for AUC for both products were less than 10% in comparison to the mean data observed in the study of Pargal et al. (1996) , indicating that the in vitro data from the proposed setup served as a good predictor of IBU oral absorption from SR tablets. The presented data also illustrate certain divergence between the predicted peak plasma concentrations for IBU1 and IBU2, which may arise from variable time of partial tablet disruption, as annotated in our previous study (Beloica et al. 2015) .
Diclofenac-specific absorption model was generated using the selected input data provided in Table 2 . In order to depict drug pharmacokinetic behaviour of DS SR tablets, dissolution data obtained under the setup C were selected as additional inputs to define drug release in vivo. Although the selected in vitro data indicated notable differences in the rate of drug release from the two formulations, several arguments supported the assumption that this scenario might actually happen in vivo. Namely, the results from BE study with DS2 tablets (Popović et al. 2009 ) indicated considerably higher C max and AUC in comparison to the average values observed for 100 mg DS SR tablets (Davies & Anderson 1997) , and in addition several trials showed that pharmacokinetics of orally taken diclofenac are highly variable (Hooper et al. 1996; Lötsch et al. 2000; Garbacz et al. 2008 ).
The simulated profile for product DS1 coincided well with the average values observed in vivo (Figure 4 , Table 4 ). Somewhat higher PE values for t max and AUC in comparison to the selected mean in vivo data (Table 4) can be regarded as reasonable estimates considering variable diclofenac pharmacokinetics. On the other hand, the simulated profile for DS2 diverged from the mean in vivo profile obtained in the study A c c e p t e d M a n u s c r i p t of Rao et al. (2001) . The observed shift of C max to higher values has indeed been noticed in some clinical trials with diclofenac SR tablets, including the already mentioned study that involved DS2 tablets (Suleiman et al. 1989; Popović et al. 2009 ). But, the simulated profile for DS2 with relatively sharp decrease in drug plasma concentration (Figure 4) indicate that drug therapeutic effect might not last as long as expected for SR tablet formulation.
[t] Table 4 Figure 1c . The generated pharmacokinetic data are shown in Figure 5 and Table 5 . The simulated profiles for IBU1 revealed some reduction in C max in the presence of ethanol in comparison to the profile that represent drug intake with a glass of water, but there were no major fluctuations in AUC values (% reduction less than 10%) (Table 5 ). These findings support the idea that IBU1 is an alcohol-resistant formulation. As for IBU2, differences in drug release rate in vitro in the presence of ethanol were well reflected in the predicted pharmacokinetic profiles. Simulations revealed that 2 h exposure of IBU2 to 40% ethanol (scenario C2) is expected to increase peak drug plasma concentration for more than 40%, and systemic bioavailability (expressed as AUC) for more than 20% (Table 5 ). The in vivo impact of prolonged tablet exposure to ethanol, after drug and ethanol emptying into the small intestine (scenario C1), is anticipated to be even more pronounced. These results signify that A c c e p t e d M a n u s c r i p t IBU2 is prone to ADD in vivo. Still, such an increase in the extent of drug absorption is not expected to be of clinical significance since the simulated plasma concentrations did not cross therapeutic boundary (up to 50 μg/ml (Davies 1998) ). Simulation based on the hypothetical dissolution scenario (profile V100, Figures 1c and 5 , Table 5 ), demonstrated that even 100% drug release in the stomach would not lead to toxic drug concentrations in plasma (> 100 μg/ml (Davies 1998) ).
[t] Table 5 
near here[/t]
The influence of strong alcoholic beverages on diclofenac absorption from the SR tablets was assessed based on the 'worst case' in vitro dissolution scenario (scenario C1) results (shown in Figure 2c ). According to the simulation outcomes (Figure 6 ), concomitant alcohol intake is expected to decrease DS1 peak plasma concentration in case of sufficiently long (e.g. 2 h) tablet residence time in the stomach (near 30% reduction in C max , Table 5 ). However, as discussed above, this outcome most likely arise from decreased drug solubility in acidic medium, and not ethanol effect on the hypromellose matrix performance. Therefore, it may be assumed that the effect of ethanol on drug absorption from DS1 will predominantly be expressed through the influence on gastric emptying time. The simulated data for DS2 also indicated marked decrease in C max when tablets were ingested with alcoholic drink (due to relatively fast elimination of the rapidly released drug (Davies 1998; Altman et al. 2015) ), but the overall exposure (measured by AUC) was not significantly changed (Table 5 ). In addition, it should be noted that neither of the predicted scenarios regarding diclofenac absorption in the presence of ethanol are expected to pose safety issues for patients, since the simulated drug plasma concentrations were within the therapeutic range (Davies 1998) .
Discussion
This study describes a step-by-step approach to assess the risk of ADD for SR oral dosage forms, and elucidate the expected clinical outcomes of burst or altered drug release. The proposed approach was tested using two model drugs with pH-dependent solubility, available as both hydrophilic and lipophilic SR tablets.
It is well known that ethanol-induced increase in drug solubility may lead to ADD, but the obtained results revealed that the magnitude of this effect depends upon characteristics of a particular drug and composition of hydro-ethanolic media. Another annotation was that ethanol exhibited the largest effect on acidic drug solubility at low pH corresponding to the fasting stomach environment. However, the overall in vitro (solubility and dissolution) results suggested that the impact of ethanol on drug release from SR tablets was predominantly governed by the influence on matrix performance, and less by increase in drug solubility.
The second part of the study aimed to assess the suitability of different dissolution setups to forecast potential ADD for the investigated SR oral formulations.
The obtained results clearly demonstrate that the decision on ethanol-vulnerability of a test formulation depends on the employed experimental conditions. This is well illustrated in the case of DS1 and DS2 products that appeared to be ethanol-resistant based on dissolution data obtained under the conditions that conform with the FDA recommendations (2 h testing in 0.1 M HCl). However, testing in a compendial medium (buffer pH 7.5), as proposed by EMA, was more discriminatory, and indicated significant differences in the rate of drug release form DS2 in the presence of ethanol (ethanol-vulnerable formulation). Testing of IBU tablets under different experimental conditions also resulted in different dissolution outcomes; however, each of the employed dissolution setups pointed out to the conclusion that IBU1 is ethanol- Another annotation regarding biorelevance of the FDA proposed setup concerns the required 2 h testing in acidic medium without and with addition of ethanol. Two hours tablet residence in acidic medium without ethanol can only serve for direct comparison of the resultant dissolution profiles with the profile obtained in hydroethanolic medium, and/or for testing of formulation acid-resistance. Therefore, it may be suitable for routine quality control or in the early phases of formulation design related to alcohol-sensitivity testing. But regarding that such prolonged drug residence time is not expected under normal (sans ethanol) fasting conditions, the obtained in vitro data cannot be considered predictive of drug product in vivo behavior. For these reasons, we propose an alternative in vitro setup (testing in a reciprocating cylinder apparatus, using media change principle), suggested as bioperformance dissolution test for IBU SR tablets (Beloica et al. 2015) . Still, there are no data available from in vivo ADD studies to justify whether the proposed in vitro setup adequately simulate ethanol effect on drug release. The selected conditions comprising 40% ethanol in acidic The results obtained in the setup C indicate that the investigated xanthan gum and hypromellose-based matrix SR tablets are rather insensitive to ADD, while lipophilic matrices investigated in this study are potentially alcohol-vulnerable and may exhibit dose dumping following concomitant alcohol intake. However, in vitro dissolution testing can be over discriminatory. For example, simulation results for DS2 (Table 5 ) revealed only small differences in AUC in the presence and absence of ethanol, although dissolution data indicated significant differences in drug release kinetics. This further implies that the employment of in vitro dissolution testing alone might not be able to provide answers on alcohol-vulnerability of a specific drug product in vivo. The major reason is that, apart from formulation factors, physiological processes also influence drug release in vivo, and the full complexity of this influence cannot be simulated in vitro. In this context, the combined in vitro-in silico approach may provide better insight into the effect of concomitant alcohol intake on drug clinical performance.
Simulation results also revealed that the observed changes in drug dissolution rate in the presence of ethanol are expected to affect drug absorption rate and change the shape of plasma concentration-time profile (Figures 5 and 6 ). However, none of the predicted scenarios for IBU and DS tablets indicated the risk of potentially dangerous A c c e p t e d M a n u s c r i p t ADD. Regarding this observation, it would be prudent to distinguish between alcoholinduced abrupt drug release and alcohol-induced changes in drug plasma exposure. The first term applies to the inability of the formulation to control drug release; this phenomenon can influence drug absorption profile, but not necessarily because drug plasma exposure also depends upon drug pharmacokinetic properties. On the other hand, alcohol-induced change in drug plasma exposure can be defined as significant, potentially dangerous increase/decrease in drug plasma concentration, and should be considered in regard to drug therapeutic range and the expected therapeutic effect.
Alcohol-induced changes in drug plasma exposure may pose a serious risk for patients either due to safety issues or diminished efficacy or both. These two phenomena are generally linked, but depending on the drug pharmacokinetic properties and interindividual variations in GI physiology, occurence of one of them does not necessarily mean that the other one will also happen. Therefore, it is equally important to investigate drug dissolution in the presence of ethanol in vitro, and to forecast the expected pharmacokinetic outcome using in silico tools.
Additionally, our study with SR products containing nonsteroidal antiinflammatory drugs (NSAIDs) supports the endeavours to expand ADD risk assessment studies to all SR oral dosage forms, not just to those containing opioid analgetics.
Although burst drug release in case of NSAIDs might not pose safety risk for patients (due to relatively high therapeutic index), potential influence of ethanol on drug solubility and/or tablet matrix integrity may cause the product to lose its modified release characteristics, and the expected duration of therapeutic effect.
Based on the strategy applied in this study, we may propose the following approach for ADD risk assessment: (i) construction of a drug-specific PBPK model, (ii) in vitro dissolution testing under biorelevant conditions 'sans alcohol' (predictability of A c c e p t e d M a n u s c r i p t the in vitro test can be confirmed by comparison with the results from clinical BA/BE studies using either IVIVC or mechanistic PBPK modeling), (iii) in vitro dissolution testing under 'adjusted' experimental conditions to simulate the 'worst case' scenario that might be expected after alcohol intake (e.g. 2 h dissolution in acidic medium containing 40% ethanol, eventually followed by testing in simulated intestinal fluid with the addition of ethanol), (iv) in silico estimation of the expected plasma concentration-time profiles based on the input dissolution profiles obtained in vitro in the presence of ethanol.
Conclusion
The results of this study demonstrate that currently recommended methods for the in vitro assessment of ADD and ethanol-vulnerability of MR oral drug products are not necessarily predictive of drug in vivo behaviour following concomitant alcohol intake.
In addition, an alternative dissolution setup that includes testing in a reciprocating cylinder apparatus, using media change has been suggested for biopredictive in vitro testing of potential ADD.
The presented data also demonstrate superiority of the combined in vitro-in silico approach over simple in vitro testing for ADD risk assessment, since the proposed approach may provide insight into the effect of ADD on drug plasma exposure. This approach should be encouraged, and used to complement formulation development of MR oral dosage forms. A c c e p t e d M a n u s c r i p t (Pargal et al. 1996) . A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t a Refer to the mean plasma concentration-time profile from a single study (Pargal et al. 1996); Refer to the mean plasma concentration-time profile from a single study (Rao et al. 2001 );
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